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This study examines the role of the cellular protein hDaxx in controlling human cytomegalovirus (HCMV)
immediate-early (IE) gene expression and viral replication. Using permissive cell lines that either overexpress
hDaxx or are depleted of hDaxx expression by the use of short hairpin RNA, we demonstrate that hDaxx
functions as a repressor of HCMV IE gene expression and replication. In addition, we demonstrate that the
impaired growth phenotype associated with the UL82 (pp71) deletion mutant is abolished when hDaxx
knockdown cells are infected, suggesting that pp71 functions to relieve hDaxx-mediated repression during
HCMV infection.

Human cytomegalovirus (HCMV) transcription is tempo-
rally regulated in a coordinated cascade which consists of im-
mediate-early (IE), early (E), and late (L) gene expression.
Immediate-early genes are transcribed first and encode critical
regulatory proteins that function in part to control the expres-
sion of viral early and late genes (26, 29, 30). Certain virion
tegument proteins which are delivered to the host cell from the
infectious virion have been shown to play an important role in
controlling efficient IE gene expression (1, 3, 7, 10, 20, 31).
Specifically, we and others have demonstrated that the UL82-
encoded tegument protein pp71 is involved in regulating the
expression of a number of IE genes (1, 2, 7, 10, 20). In studies
using a UL82 (pp71) deletion mutant virus, we demonstrated
that pp71 protein delivered from the tegument plays an im-
portant role in regulating IE gene expression and viral repli-
cation (1, 2).

The mechanism by which pp71 regulates IE gene expression
is currently unclear. pp71 has been shown to interact with
several cellular proteins, including hDaxx (7, 14). During
HCMV infection, pp71 and hDaxx colocalize at specific nu-
clear structures called nuclear domain 10 (ND10) (2, 7, 14).
Previous reports have demonstrated that HCMV and other
herpesvirus genomes localize to ND10 domains immediately
after infection and that ND10 domains represent sites of active
viral gene transcription (5, 7, 11–14, 21, 22, 27). Interestingly,
abolishing pp71’s ability to interact with hDaxx blocked pp71
localization to ND10 domains (2, 7, 14) and inhibited pp71’s
ability to transactivate the major immediate-early promoter
(MIEP) in transient reporter assays (7). We have also demon-
strated that pp71 mutant viruses lacking either of two hDaxx
binding domains (7) were severely inhibited in viral replication
and IE gene expression at low multiplicities of infection
(MOIs) (2). These data suggest that pp71’s interaction with the

cellular protein hDaxx is important for regulating IE gene
expression and viral replication.

hDaxx has been recognized as a regulator of both apoptosis
and gene expression (reviewed in reference 23). The mecha-
nisms by which hDaxx regulates these two processes are con-
troversial and not completely understood. hDaxx was originally
identified as a proapoptotic protein which could enhance Fas-
induced apoptosis (28, 32). However, other reports using small
interfering RNA directed against hDaxx have demonstrated
that hDaxx functions as an antiapoptotic protein following
certain stimuli (4, 24, 25). hDaxx’s role in regulating gene
expression is also unclear. Although hDaxx has been associated
with transcriptional activation, hDaxx is primarily thought to
function as a transcriptional repressor (4, 6, 9, 18, 19, 25, 28).
Studies using small interfering RNA directed against hDaxx
have demonstrated that hDaxx can repress NF-�B-, E2F-1-,
Pax3-, and Ets-1-mediated transactivation (25). Additionally,
hDaxx has been shown to bind the avian sarcoma virus inte-
grase protein and represses avian sarcoma virus transcription
(6). The mechanism by which hDaxx regulates HCMV IE gene
expression is currently unclear. Transient transfection assays
have demonstrated that cotransfection of pp71 with hDaxx has
a synergistic effect on the activation of the HCMV MIEP (7).
In addition, HCMV infection of Daxx null mouse cells led to a
twofold reduction in the number of IE2 protein-expressing
cells (14). Taken together, these results suggest that hDaxx
functions as a positive regulator of the MIEP and of IE gene
expression. However, preliminary studies by Reeves et al. sug-
gested that overexpression of hDaxx represses HCMV repli-
cation (M. Reeves, J. Baillie, R. Greaves, and J. Sinclair.,
Abstr. 29th Int. Herpesvirus Workshop, abstr. 1.09, 2004).
Therefore, given the conflicting data and the multifunctional
nature of hDaxx, it is unclear if hDaxx functions as an activator
or repressor during HCMV infection. For this study, we used
HCMV-permissive cell lines that either overexpress hDaxx or
are depleted of hDaxx expression to determine whether hDaxx
functions as an activator or repressor of HCMV IE gene ex-
pression and replication.

If hDaxx functions to positively regulate viral transcription,
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then a wild-type virus may replicate more efficiently in cells
overexpressing hDaxx. However, if hDaxx functions as a re-
pressor, wild-type virus replication and IE gene expression may
be inhibited in cells overexpressing hDaxx. To test these pre-
dictions, cell lines overexpressing hDaxx were generated. U373
cells were transfected via electroporation with a plasmid that
expresses an hDaxx-green fluorescent protein (GFP) fusion
and a neomycin resistance gene (33). As a control, cells were
transfected with a GFP plasmid that does not express hDaxx.
Cells were selected with G418 (500 �g/ml), and stable clones
were isolated. As shown in Fig. 1A, hDaxx overexpression in
cell clones was confirmed by Western blot analysis using either
an hDaxx or GFP antibody. Endogenous hDaxx levels were
constant in all clones and can be differentiated by faster hDaxx

migration than GFP-hDaxx fusion protein migration. To de-
termine the effect of hDaxx overexpression on wild-type viral
replication, GFP-expressing control cells and hDaxx-overex-
pressing cells were infected with wild-type virus (2) at an MOI
of 5.0, 1.0, or 0.2 PFU/cell. Virus was harvested at 5 or 7 days
postinfection and quantified by a plaque assay on human fore-
skin fibroblasts. As shown in Fig. 1B, wild-type virus replication
was inhibited in hDaxx-overexpressing cells in a multiplicity-
dependent manner. When hDaxx-overexpressing cells were in-
fected at a multiplicity of 1.0 or 0.2 PFU/cell, wild-type virus
replication was inhibited �80% compared with that in control
cells. IE gene expression was also examined following infection
of hDaxx-overexpressing cells. Control or hDaxx-overexpress-
ing cells were infected with wild-type virus at an MOI of 0.2
(Fig. 1C) or 1.0 (Fig. 1D) PFU/cell. Cell lysates were harvested
at various times postinfection and assayed for IE1 and IE2
protein expression by Western blotting. As shown in Fig. 1C
and D, the expression of IE1 and IE2 was markedly delayed
and reduced following infection of hDaxx-overexpressing cells
when compared to infection of control cells. Immunostaining
for the pp65 tegument protein in control and hDaxx-overex-
pressing cells was done to confirm that viral entry was not
affected by the overexpression of hDaxx (data not shown).
Together, these results demonstrate that overexpression of
hDaxx does not enhance HCMV replication and suggest that
hDaxx functions to repress HCMV viral replication and IE
gene expression.

We hypothesized that if hDaxx functions as a repressor dur-
ing viral infection, then the wild-type virus, and possibly the
UL82 deletion mutant virus, would replicate more efficiently in
hDaxx knockdown cells. To test this prediction, U373 hDaxx
knockdown cell lines were generated using replication-defi-
cient retroviruses carrying short hairpin RNA (shRNA) se-
quences against hDaxx. A shRNA sequence directed against
hDaxx (4) or a control scrambled (Oligoengine) shRNA se-
quence was inserted into the pSuperRetroPuro vector (Oligo-
engine) according to the manufacturer’s protocol. Infectious
retrovirus was then generated, and U373 cells were transduced
as previously described (2, 17). Transduced cells were selected
with puromycin (1 �g/ml), and individual stable clones were
isolated. Western blot analysis was then conducted to examine
the hDaxx levels in individual clones. Figure 2A shows a rep-
resentative blot of hDaxx expression in control cells and hDaxx
knockdown cells. These results demonstrate that cells express-
ing the shRNA directed against hDaxx expressed dramatically
reduced levels of hDaxx compared to control cells. The control
cells and hDaxx knockdown cells were then infected at an MOI
of 0.2 PFU/cell with either wild-type virus or the UL82 deletion
mutant virus, termed AD�UL82 (2). Since both viruses con-
tain a GFP gene within the viral genome, we could easily
identify infected cells by looking for GFP expression. As shown
in Fig. 2B, there were only a few GFP-positive cells present
when control cells were infected with the AD�UL82 virus
(panel b), demonstrating the growth defect of the UL82 dele-
tion mutant virus. However, when the hDaxx knockdown cells
were infected with the UL82 deletion mutant, we observed a
dramatic increase in the number of GFP-positive cells (Fig. 2B,
compare panels b and d). In addition, when hDaxx knockdown
cells were infected with the UL82 deletion mutant virus, we
observed an approximately equal number of GFP-positive cells

FIG. 1. Overexpression of hDaxx represses viral replication. (A)
Western blot analysis examining expression of hDaxx and GFP in con-
trol U373 cells and GFP-hDaxx-overexpressing U373 clones Dx21 and
Dx24. Tubulin was included as an internal loading control. (B) Control
U373-GFP (black bars) cells or hDaxx-overexpressing cell clones Dx21
(hatched bars) or Dx24 (vertically striped bars) were infected with
wild-type virus at an MOI of 5.0, 1.0, or 0.2 PFU/cell. Infectious virus
was harvested at 5 days postinfection for cells infected at an MOI of 5.0
PFU/cell and at 7 days postinfection for cells infected at an MOI of 1.0
or 0.2 PFU/cell and quantified by a plaque assay on human foreskin
fibroblasts. Asterisks indicate significant differences in viral titers (P �
0.05) between virus produced on hDaxx-overexpressing cells and on
control U373-GFP cells. Error bars indicate standard deviations de-
rived from three independent experiments. Control GFP-expressing or
hDaxx-overexpressing (Dx21) cells were infected with wild-type virus
at an MOI of 0.2 (C) or 1.0 (D) PFU/cell. Cell lysates were prepared
at the indicated hours postinfection (hpi) and assayed for IE1 and IE2
expression by Western blotting. Tubulin was included as an internal
loading control.
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to that observed following wild-type infection of control cells
(Fig. 2B, compare panels a and d). The replication of wild-type
virus and the UL82 deletion mutant virus was then quantified
by a plaque assay following infection of either control cells or
hDaxx knockdown cells. Control cells or three individual
clones of hDaxx knockdown cells were infected with wild-type
or UL82 deletion mutant virus at an MOI of 0.2 (Fig. 2C) or
1.0 (Fig. 2D) PFU/cell. Infectious virus was harvested at 7 and
5 days postinfection, respectively, and quantified by a plaque
assay on UL82-complementing cells (2). UL82 deletion mutant
virus production was dramatically reduced (�92% inhibition)
at both multiplicities compared with wild-type virus production
on control cells. However, when hDaxx knockdown cells were
infected with the UL82 deletion mutant virus, the growth de-

fect associated with the virus was completely abolished, and
virus production was restored to wild-type levels (Fig. 2C and
D). In addition, when cells were infected at a multiplicity of 0.2
PFU/cell, wild-type virus replication was also significantly en-
hanced on hDaxx knockdown cells. Immunostaining for the
pp65 tegument protein in control and hDaxx knockdown cells
was done to confirm that viral entry was not affected by the
decreased expression of hDaxx (data not shown).

In addition to viral replication, IE gene expression was ex-
amined following infection of hDaxx knockdown cells with either
wild-type or UL82 deletion mutant virus. Control or hDaxx
knockdown cells were infected with wild-type or UL82 deletion
mutant virus at an MOI of 0.2 (Fig. 3A) or 1.0 (Fig. 3B) PFU/
cell, and cell lysates were harvested at various time points
following infection. Western blot analysis was conducted to
examine the expression of the immediate-early proteins IE1
and IE2 following infection. As shown in Fig. 3A and B, IE
gene expression was inhibited relative to that in wild-type virus
following infection of control cells with the UL82 deletion
mutant. However, when hDaxx knockdown cells were infected
with the UL82 deletion mutant virus, IE gene expression was
restored to nearly wild-type levels (Fig. 3A and B). Taken
together, these results demonstrate that hDaxx is not required
for HCMV replication and that hDaxx functions to repress IE
gene expression and HCMV replication. Since knocking down
hDaxx expression abolished the UL82 mutant growth pheno-
type and restored IE gene expression, our results also suggest
that the critical function of pp71 required for efficient IE gene
expression and viral replication is to relieve hDaxx-mediated
repression of IE gene expression.

Previous studies showed that overexpression of hDaxx to-
gether with pp71 enhanced MIEP activity during transient
transfection assays, suggesting that hDaxx may function to pro-
mote HCMV transcription (7). However, since hDaxx is pri-
marily considered to function as a transcriptional repressor
and has been suggested to repress viral infection (6; Reeves et
al., Abstr. 29th Int. Herpesvirus Workshop), we wanted to
examine the effect of hDaxx expression on IE gene expression
and HCMV replication in the context of a viral infection.

FIG. 2. Infection of hDaxx knockdown cells abolishes the UL82
deletion mutant growth phenotype. (A) Western blot analysis of hDaxx
expression in control cells expressing a scrambled shRNA (SC) and in
hDaxx knockdown cell lines KD2, KD4, and KD5. Tubulin was in-
cluded as an internal loading control. (B) Control (SC) and hDaxx
knockdown (KD5) cells were infected with wild-type virus (WT) or the
UL82 deletion mutant virus (�UL82) at an MOI of 0.2 PFU/cell and
examined at 5 days postinfection for GFP-positive cells. Control (SC)
and hDaxx knockdown (KD2, KD4, and KD5) cells were infected with
either wild-type (black bars) or �UL82 (hatched bars) virus at an MOI
of 0.2 (C) or 1.0 (D) PFU/cell. Viruses were harvested at 7 and 5 days
postinfection, respectively, and infectious virus was quantified by a
plaque assay on UL82-complementing cells. Asterisks indicate signif-
icant differences in viral titers (P � 0.005) between �UL82 virus
produced on hDaxx knockdown cells and on control cells. Error bars
indicate standard deviations derived from three independent experi-
ments.

FIG. 3. IE gene expression following infection of hDaxx knock-
down cells. Control (SC) or hDaxx knockdown (KD5) cells were in-
fected with either wild-type (WT) or UL82 deletion mutant (�UL82)
virus at an MOI of 0.2 (A) or 1.0 (B) PFU/cell. Cell lysates were
prepared at the indicated hours postinfection (hpi) and assayed for IE1
and IE2 expression by Western blotting. Tubulin was included as an
internal loading control.
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Using stable cell lines that overexpress hDaxx, we demon-
strated that wild-type virus replication and IE gene expression
are severely inhibited in hDaxx-overexpressing cells in a mul-
tiplicity-dependent manner (Fig. 1B to D). Using shRNA di-
rected against hDaxx, we also demonstrated that wild-type
virus replication is enhanced in hDaxx knockdown cells (Fig.
2C). Finally, and most importantly, we have demonstrated that
we can abolish the UL82 deletion mutant-associated defects in
viral replication and IE gene expression by infecting hDaxx
knockdown cells. Taken together, these results indicate that
hDaxx functions as a repressor during HCMV infection and
that pp71 is responsible for relieving this repression.

The mechanism by which pp71 relieves hDaxx-mediated re-
pression is currently unclear. pp71 has been shown to bind and
target hypophosphorylated Rb family member proteins for
proteasome-dependent, ubiquitin-independent degradation
(15, 16). Recent data suggest that pp71 may also target hDaxx
for degradation (27a). Additionally, hDaxx has been shown to
interact with a number of cellular proteins that are involved in
regulating gene expression, including the Pax-3 (9) and Ets-1
(19) transcription factors, DNA methyltransferase 1 (24), Dek,
core histones, and histone deacetylases (8). Therefore, pp71
binding to hDaxx may alter hDaxx’s ability to interact with one
or more of these proteins or alter the activity associated with
these hDaxx complexes. Experiments are currently in progress
to determine the mechanism by which pp71 relieves hDaxx-
mediated repression of HCMV replication.
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